We use Monte Carlo methods to simulate the properties of a Galactic population of rotation-powered pulsars in the self-consistent outer gap model proposed by Zhang & Cheng, where the initial magnetic Ðeld and spatial and velocity distributions of the neutron stars at birth are obtained from the statistical results of radio pulsars. We obtain the distance, period, age, magnetic Ðeld, and c-ray Ñux distributions of the c-ray pulsars whose c-ray and radio Ñuxes are above the detectable threshold Ñuxes. Furthermore, we simulate the properties of Geminga-like pulsars and obtain the possible parametric region and the number of the Geminga-like pulsars. In our simulations, the di †erent beaming e †ects of radio and c-ray beams are taken into account. We predict that there may be D11 c-ray pulsars that are detectable at both radio and c-ray energies and D37 Geminga-like pulsars in the Galactic plane ( o b o \ 5¡) if the c-ray beaming fraction is 0.67 and the birthrate of the neutron stars is 1 per century. Compared to the Ñux distribution, individual spectrum, and distance distribution obtained by assuming OB star associations of our simulated Geminga-like pulsars and the unidentiÐed EGRET sources at o b o \ 5¡, we conclude that the majority of the unidentiÐed c-ray point sources near the Galactic plane may be Geminga-like pulsars. We also suggest that the most possible radio pulsars likely to be conÐrmed as c-ray pulsars in future are those with L X /E0 sd D 10~3.
INTRODUCTION
A database of 706 radio pulsars can be obtained from the archive data of Princeton University (also see ManTaylor, chester, & Lyne Furthermore, the upper limits on 1993). pulsed c-ray emission for 350 pulsars have been given (Nel et al. which include two kinds of pulsars : canonical 1996), pulsars and millisecond pulsars. Of these pulsars, only six have been conÐrmed to emit high-energy c-rays in the energy range of EGRET (PSR B1509[58 was detected up to D1 MeV but has not been detected by EGRET). et al. have reported possible eviRamanamurthy (1996) dence for pulsed c-ray emission above 50 MeV from PSR B0656]14. In addition, Geminga was not detected as a radio pulsar. This information allows us to perform useful statistical studies of the observed c-ray pulsar parameters, such as the distance, period, age, magnetic Ðeld, and c-ray Ñux distributions and may also provide clues about how to predict possible candidates for c-ray pulsars. In fact, based on the data observed by EGRET, many authors have already made some predictions of possible candidates for c-ray pulsars (e.g., & Ding et al. Cheng 1994 ; Brazier 1994 ; et al. et al. In particular, Thompson 1994 ; Fierro 1995) . & Ding predicted that PSR B1951]32 should Cheng (1994) be the pulsar conÐrmed to be a c-ray pulsar after PSR B1055[52.
also pointed out that pulsars PSR Fierro (1995) J0034 [0534, J0613[0200, PSR B1046[58, B1832[06, and B1853] 01 are the most probable candidates for c-ray pulsars. This information can also be used to test the validity of the various c-ray pulsar models. Moreover, the second EGRET catalog and its supplement (Thompson et al. 1995 (Thompson et al. , lists 96 unidentiÐed point sources, where 30 unidenti-1996 Ðed point sources are in low Galactic latitudes ( o b o \ 5¡). It is believed that the unidentiÐed point sources at the Galactic plane probably consist of young pulsars (e.g.,
We will use 1996 ; Yadigaroglu 1997). these observation data to compare with our analysis. Generally, c-ray models can be divided into polar gap and outer gap models. In polar gap models, charged particles are accelerated in charge-depleted zones near the pulsarÏs polar cap and c-rays are produced through curvature-radiationÈ induced c-B pair cascade (e.g., or through Harding 1981) Compton-induced pair cascades & Sturner (Dermer 1994 ). In the outer gap models, large regions of the magnetospheric charge depletion (gaps) are assumed to result from a global current Ñow pattern through the magnetosphere, and charged particles that are likely electrons/positrons are accelerated to extreme relativistic energies because of large electric Ðelds along the magnetic lines in these gaps. The observed c-rays are produced by the synchrotron radiation (Vela type) and synchrotron self-Compton mechanism (Crab type) of secondary eB pairs Ho, & Ruderman (Cheng, hereafter respectively 1986a (Cheng, hereafter respectively , 1986b , CHR I, CHR II ; Ho & Romani & Ding 1989 ; Chiang 1992 ; Cheng 1994 ; Cheng & Wei or by synchro-curvature radi-1995 ; Romani 1996) ation of primary eB pairs & Cheng hereafter (Zhang 1997 , Based on known c-ray pulsars, studies have been ZC97). made of the luminosity and conversion efficiency of c-rays in various models.
predicted that the c-ray Harding (1981) luminosity from a pulsar can be expressed by L c th([100 photons s~1, where is MeV) B 1.2 ] 1035B 12 0.95P~1.7 B 12 the magnetic Ðeld in units of 1012 G and P is the pulsar period in seconds.
& Sturner predicted that Dermer (1994) the c-ray luminosity from the polar cap is given by L c th B ergs s~1. Comparing the observed c-ray lumi-1032B 12 3@2P~2 nosities (or upper limits) with those predicted by the models of and & Sturner et al. Harding (1981) Dermer (1994) , Nel suggested that both polar gap models overestimate (1996) at high luminosity and underestimate at low lumi-L c L c nosity. A recent phenomenological polar gap model (Rudak & Dyks can give a more satisfactory explanation for 1997) from pulsars. For the outer gap models, the predicted L c c-ray luminosity depends on the solid angle of c-ray beaming.
& Romani suggested that the Yadigaroglu (1995) conversion efficiency of c-rays where is the (g c 4 L c /E0 sd , E0 sd spin-down power) should increase with pulsar age to derive a phenomenological scaling law of the form g c \ 3
.2 ] 10~5q0.76, where q is the pulsar age in units of years. Recently we have proposed a new self-consistent outer gap model, called the thick outer gap model, to describe the high-energy c-ray radiations from mature pulsars (ZC97). In this paper, we will use the model to determine ZC97 general formulae for c-ray Ñux and the luminosity and conversion efficiency of c-rays from canonical pulsars that are functions of pulsar parameters, e.g., period and magnetic Ðeld strength. Using as a basis models for c-ray production from pulsars, many authors have studied detailed statistical properties of c-ray pulsars by using Monte Carlo methods. Sturner (1996) simulated the properties of the Galactic population of rotation-powered pulsars on the basis of their model for c-ray production from pulsars. Here we will present the statistical analysis of c-ray properties of rotation-powered pulsars based on our model. In we will review our outer°2 gap model results and use the database (including only those pulsars with upper limits) given by et al. to Nel (1996) test our model. In we describe the Monte Carlo simula-°3 tion of the Galactic pulsar population and present the simulation results. In we simulate the population of°4 Geminga-like pulsars and compare that with the unidentiÐed point sources of EGRET. In we further analyze the°5 database of radio pulsars and give some predictions about the most possible candidates for c-ray pulsars based on our model. Finally, a brief conclusion and discussion will be given in°6.
REVIEW OF THE THICK OUTER GAP MODEL AND COMPARISON WITH THE OBSERVED DATA
We have proposed a self-consistent model of a thick outer gap to describe the high-energy c-ray emission from mature pulsars In our model, the characteristic photon (ZC97). energy is completely determined by the size of the E c ( f ) outer gap ( f ), which is the ratio between the outer gap volume and where is the light cylinder radius. Half of R L 3, R L the primary eB pairs in the outer gap will move toward the star and lose their energy via the curvature radiation. The return particle Ñux can be approximated by N 0 e B B 1 2 fN 0 GJ , where f is the fractional size of the outer gap and is the N 0 GJ Goldreich-Julian particle Ñux & Julian (Goldreich 1969) . Although most of the energy of the primary particles will be lost on the way to the star via curvature radiation, about 10.6P1@3 ergs per particle will still remain and will be Ðnally deposited on the stellar surface. This is because the curvature radiation loss depends on the 4th power of the Lorentz factor of the charged particles. When the Lorentz factor is below D107, the timescale for the curvature energy loss will be longer than the time needed for the particle traveling to the star. This energy will then be emitted in the form of X-rays from the stellar surface (such a process has been described by & Ruderman The characterHalpern 1993). istic energy of X-rays is given by E X h B 3kT B 1.2 eV, where P is the pulsar period in ] 103f 1@4P~1@6B 12 1@4 units of seconds, is the dipolar magnetic Ðeld in units of B 12 1012 G and the radius of the neutron star is assumed to be 106 cm. Furthermore, the keV X-rays from a hot polar cap will be reÑected back to the stellar surface due to the cyclotron resonance scattering if there is a large density of magnetically produced eB pairs near the neutron star surface & Ruderman and will eventually reemit (Halpern 1993), softer thermal X-rays with characteristic temperature (ZC97)
and power
Calculations show that the optical depth of the soft X-ray photons in the outer gap is only DL X soft p Xc?e B /4nrkT c D 10~4. However, since the potential drop of the outer gap is D1015 V each primary e`/e~passing (CHR I, CHR II), through the gap can emit more than 105 multi-GeV curvature photons. Such huge multiplicity can produce a sufficient number of eB pairs to sustain the gap as long as the center-of-mass energy of X-ray and curvature photonsis higher than the threshold energy of the electron/positron pair production, i.e., From the condition E X E c º (m e c2)2. for the photon-photon pair production, the fractional size of the outer gap limited by the soft thermal X-rays from the neutron star surface can be determined as
It should be emphasized that f ¹ 1 and any Ñuctuation of the gap can be stabilized by the processes described above. In fact, the increase in gap size will increase the X-ray Ñux and the overproduced pairs can reduce the gap size. Similarly, a decrease in the gap size will produce insufficient pairs and result in an increase in the gap size. Furthermore, it has been argued & Ruderman that (Halpern 1993 ; ZC97) the primary electrons/positrons leaving the outer gap emit curvature photons, which will be converted into the secondary eB pairs by the neutron star magnetic Ðeld if these photons come close to the star, where the pair production condition in strong magnetic Ðeld is satisÐed (Erber 1966 ;  & Sutherland In we have estimated Ruderman 1975) . ZC97 that the magnetic pair production will start at about 10È20 stellar radii. Since the primary photon energies are of the order of a few GeV for all known c-ray pulsars, the synchrotron photons will have a typical energy of the order of a few hundred MeV. Most of these synchrotron photons are moving toward the star because the local Ðeld lines are converging toward the star. Gil, & Zhang Cheng, (1998 
estimated that when these photons move in toward the star by a factor of 0.37, the local magnetic Ðeld will become strong enough to convert these synchrotron photons to pairs which subsequently lose their energies via synchrotron radiation with a characteristic synchrotron energy of the order of a few tens of MeV. These processes can repeat at least once more before the synchrotron photon energy reduces to DMeV and the spectral index steepens from D[1.5 to D[2. They estimated that the luminosity of this nonthermal X-ray component is luminosity is predicted by the outer gap model, and it plays an important role in our later analysis for identifying which unidentiÐed EGRET sources and radio pulsars are possible c-ray pulsars. The predicted X-ray photon spectra for E X ¹ 1 MeV are given by
where is the blackbody spectrum with a characteristic F bb temperature which satisÐes
and
where r is the distance to the star at which the magnetic Ðeld becomes strong enough to convert the curvature photons into pairs. Here we would like to remark that our thick outer gap model does not work very well for very young pulsars, e.g., the Crab pulsar, because we have ignored the Compton cooling of the return current. In very young pulsars, the surface temperature is determined by cooling instead of polar cap heating and is sufficiently high that the inverse Compton scattering by the surface soft X-ray photons can reduce the energy of the return current (CHR have also shown that the Lorentz factor of accel-II). ZC97 erated particles inside the outer gap is given by
where s is the curvature radius, and is the x \ s/R L , R L radius of the light cylinder. The energy distribution of the accelerated particles is given by
where is the energy of the accelerated particles and E e x max is the maximum curvature radius of the magnetic Ðeld lines in units of the radius of the light cylinder. The radiation spectrum produced by the accelerated particles with a power-law distribution in the outer gap can be expressed as & Zhang (Cheng 1996 ; ZC97)
with
where a is the pitch angle of a charged r B \ cmc2 sin a/eB ; particle in the curved magnetic Ðeld (B) and a B q is the pulsarÏs age in units of 0.79f 1@2B 12 3@4P7@4x17@4 ; years ; and are modiÐed
Bessel functions of order 5/3 and 2/3 ; and The y \ E c /E c . characteristic energy of the radiated photons is given by
Therefore, the integrated Ñux with MeV at the E c
[ 100 Earth is given by
where is the solid angle of c-ray beaming and d is the *) c distance to the pulsar. In our model, there are three parameters, i.e., and These three parameters *) c , x min x max . depend on the detailed structure of the outer gap and the inclination angle of the pulsar. We have calculated the differential Ñux of c-rays for the known c-ray pulsars and found and and vary between 0.5 and 3.9 x max D 2, *) c x min and between 0.55 and 0.7, respectively, for known c-ray pulsars
In we compare our model spectra (ZC97). The solid curve is the consistent Ðt in Table 1 . which we use one set of parameters for all c-ray pulsars, i.e., and for all c-ray pulsars.
We can see that the consistent-Ðt curves generally agree with the data quite well. In particular, the c-ray Ñux above 100 MeV predicted by the consistent-Ðt curve agrees with the observed data to within a factor of 3. This set of consistent Ðtting parameters plays two very important roles in our later analysis. First, it allows us to predict the model c-ray spectrum and Ñux for unidentiÐed c-ray sources if they are Geminga-like pulsars and radio pulsars. Second, in the outer gap model, radio and c-rays do not in general come from the same place ; we need to estimate the c-ray beaming factor before we do our statistical analysis. In we will°3.1 show how to estimate the c-ray beaming factor from *) c . The energy Ñux of c-rays between 100 MeV and 10 GeV can expressed as
while the corresponding luminosity is
We can calculate numerically for given equation (17) parameters of pulsars. Furthermore, the total c-ray luminosity is given by (ZC97)
FIG. 1.ÈComparisons of our model spectra from 0.1 keV to 10 GeV with the observed data for Ðve known c-ray pulsars detected by EGRET. The dashed curves are the best-Ðt model curves, and the solid curves are consistent-Ðt curves in which we use one set of parameters for all c-ray pulsars.
From
we can see that most of the c-ray luminosity Figure 1 is contributed by MeV, so that the c-ray lumi-E c [ 100 nosity with MeV can be approximated by E c [ 100 From we can estimate the conequation (18).
equation (18), version efficiency of spin-down power into c-rays. Using ergs s~1, the conversion efficiency E0 sd B 3.8 ] 1031P~4B 12 2 with MeV can be approximated by E c [ 100
The comparisons between the theoretical integrated Ñux ,   TABLE 1 BEST-FIT MODEL OF c-RAY PULSARS PARAMETERSa a Values of the consistent-Ðt parameters are *) \ 2.0, and x min \ 0.55, x max \ 2.0, s \ 55¡ for all c-ray pulsars which are used for calculating the solid curves in Fig. 1 .
b Values of the best-Ðt parameters for c-rays. c Values of the best-Ðt parameters for X-rays.
energy Ñux, luminosity, and conversion efficiency and the observed data of pulsars are presented in & Cheng Zhang (1998) .
GALACTIC PULSAR POPULATION
In order to consider the luminosity and spatial evolution of a Galactic population of the canonical pulsars, the initial values of parameters of pulsars at birth, which include the initial position, velocity, period, and magnetic Ðeld strength, are needed. Furthermore, the beaming and selection e †ects at radio and c-ray energies for the canonical pulsars have to be considered. In this section we will describe our Monte Carlo simulations of the Galactic pulsar population.
Basic Parameters and Detectability of Pulsars
The conventional assumption for the Galactic pulsar population is that pulsars are born at a rate (say D1/100 yr) at spin periods of which vary exponentially with dis-P 0 , tance from the Galactic center and vary exponentially with distance from the Galactic plane. The birth location for each pulsar is estimated from spatial distributions in z and R & Dermer i.e., (Paczyn ski 1990 ; Sturner 1996) ,
where z is the distance from the Galactic plane, R is the distance from the Galactic center, pc, z exp \ 75 a R \ kpc, and
The initial velocity of each pulsar is the R max \ 20 vector sum of the circular rotation velocity at the birth location and a random velocity from the supernova explosion. The circular rotation velocity is determined by & Dermer (Sturner 1996) v circ \
where and are spheroidal, disk, and halo ' sph , ' disk , ' halo components of Galactic gravitational potential, given by as Paczyn ski (1990)
where kpc, kpc, and
for the spheroidal component, kpc, M _ a disk \ 3.7 kpc, and for the disk
where r \ (R2 ] z2)1@2 is the distance to the Galactic center, kpc, and For the random r c \ 6.0 M halo \ 5.00 ] 1010 M _ . velocity, their three-dimensional velocity distribution is accurately given by & Lorimer (Lyne 1994 )
where u \ V /350 km s~1 and V is the random velocity of the pulsar, which is chosen randomly and added to the circular velocity. The surface magnetic Ðelds of the pulsars are distributed as a Gaussian in log B with mean log B 0 \ 12.4 and dispersion namely,
. (26) Here we assume that the magnetic Ðelds of pulsars do not decay. Furthermore, one of the pulsar parameters for Monte Carlo simulation is the initial period for each pulsar.
Here we use the assumption that the initial rotation period distribution of the pulsars is a d-function at some period P 0 & Dermer After giving the initial properties (Sturner 1996) . of a newly born pulsar, we can follow its trajectory and evolve its period until the present time. At any time t, the pulsarÏs location is determined by following its motion in the Galactic gravitational potential. Using the equations given by the orbit integrations are perPaczyn ski (1990), formed using the fourth-order Runge-Kutta method with variable time step et al. on the variables R,
and /. Once the coordinates [R(t), z(t), /] are deter-V z , mined, we can calculate the Galactic longitude and latitude and the distance of the pulsar, namely,
where kpc is the Galactocentric distance of the R _ \ 8.0 Sun. Furthermore, the evolution of the pulsarÏs period can be represented by
if the period evolution is due to the e †ects of magnetic dipole radiation, where is the neutron star radius, I is R NS the neutron star moment of inertia, and c is the speed of light. The 400 MHz radio luminosity, of each model L 400 , pulsar is determined from the following distribution & Ostriker (Narayan 1990) :
where j \ 3.6[log (L 400 /SL 400 T) ] 1.8], log SL 400 T \ and is in units of mJy kpc2. In 6.64 ] 1 3 log (P0 /P3), L 400 order to generate a sample of detectable canonical pulsars, we need to consider the beaming e †ect of the radio beam. The radio beaming fraction can be expressed as (Emmering & Chevalier 1989) 
where a random distribution of magnetic inclination angles is assumed and u is the half-angle of the radio emission cone. Earlier studies have assumed that D 0 .67. After the position, period, magnetic Ðeld strength, and luminosity have been determined and the pulsar has been accepted according to the criteria mentioned above, we need to consider the detectability of the pulsar, namely, we determine whether the pulsar will be detectable at both radio and c-ray energies. Therefore, the radio and c-ray selection e †ects must be considered. For the radio selection e †ects, the minimum detectable average Ñux density, of S min , a pulsarÏs radio survey can be estimated by (e.g., & Biggs Lyne & Dermer 1992 ; Sturner 1996 )
where is the Ñux limit when pulse broadening and backbS 0 ground emission is negligible, is the receiver tem-T rec perature, is the sky temperature at the survey T sky frequency, is a normalization temperature, P is the pulsar T 0 rotation period, and W is the broadened radio-pulse width. and are radio receiver parameters, which are bS 0 , T rec , T 0 3.32 mJy, 20 K, and 45 K for the Parkes 1520 MHz receiver (l \ 1520 MHz is the observing frequency, and dl \ 5.0 MHz is the channel bandwidth) and 2.46 mJy, 10 K, and 90 K for the Arecibo 430 MHz receiver (l \ 430 MHz and dl \ 0.25 MHz).
is given by et al.
where l and b are the Galactic longitude and latitude, respectively. The broadened pulse width is given by
where is the intrinsic radio pulse width ; W 0 B 0.1P b 1 \ 2 ; is the receiver sampling time, which is 1.2 ms for the q samp Parkes receiver and 0.25 ms for the Arecibo receiver ; is q DM the frequency dispersion of the radio pulse as it passes through the interstellar medium and is given by
where pc cm~3 ; DM is the disper-DM 0 \ q samp l3/8299 dl sion measure of the pulsar ;
represents the broadening q scat of the radio pulse due to scattering of the pulse and the subsequent path-length di †erences experienced by the observed photons and can be estimated by et al. (Johnston & Dermer 1992 ; Sturner 1996) 
with q scat,400 \ 10~4.61`1.14 log DM ] 10~9.22`4.46 log DM. The dispersion measure of the pulsar is calculated by using where the electron density is given by DM \ / n e (R, Z)ds, Manchester, & Taylor et al. (Lyne, 1985 ; Bhattacharya & Dermer 1992 ; Sturner 1996) n e (R, z)
where kpc is the Galactocentric radius of the Sun, 
are considered to be radio-detectable pulsars, where d is the distance to the pulsar. Now we consider the c-ray selection e †ect. In our model, the luminosity of c-rays with E c [ 100 MeV can be approximated by
The correequation (18). sponding energy Ñux can be written as (42) will be detectable as c-ray pulsars.
Monte Carlo Simulations
After the initial properties of pulsars at birth are given, we can follow the luminosity and spatial evolution of the Galactic pulsar population by means of Monte Carlo simulations. The aim of these simulations is to produce the distributions of distance, period, age, magnetic Ðeld, and c-ray Ñux of the c-ray pulsars. Our simulations can be described by a number of sequential steps.
1. Generate pulsars with random ages less than 1 ] 106 yr, which minimizes computing time.
2. Generate the initial position of a pulsar as random deviates with the probability density functions and o z (z) given by equations (20) c-ray pulsar population for our model with radio Ñux selection e †ects (solid curves) and without radio selection e †ects (dot-dashed curves). For comparison, corresponding distributions of the six observed c-ray pulsars by EGRET are also shown (dashed histograms).
3. Generate the magnetic Ðeld of the pulsar with a random Gaussian deviate with probability density function described by equation (26). 4. Calculate the initial velocity of the pulsar, in which the random velocity is created as a random deviate with probability density function given by and the circuequation (25) lar velocity is determined by
The initial space equation (22) . velocity of a pulsar is the vector sum of the random velocity and circular velocity.
5. Calculate the pulsar period at time t by using equation and determine the position at time t by following the (30) pulsarÏs motion in the Galactic gravitational potential for a given initial position (R, z) (step 2) and initial velocity (v R , (step 4). v Õ , v z ) 6. Calculate the Galactic longitude and latitude by using equations (27) and (28), and the distance to the pulsar by using equation (29). 7. Calculate the radio beaming fraction given by and generate a sample pulsar of period P in equation (32) one out of cases by using the Monte Carlo method. f r (P)~1 Then, generate the radio luminosity at 400 MHz as a random deviate with probability density function given by and calculate the minimum radio energy Ñux equation (31) given by and broadened pulse width given by equation (33) Those pulsars which satisfy equations (39) equation (35). and (40) are considered to be radio-detectable pulsars.
8. Calculate the c-ray luminosity with MeV E c [ 100 and compare it with the Ñux threshold. Those pulsars which satisfy are considered to be both radio-and equation (42) c-rayÈdetectable pulsars. All the relevant information is recorded.
9. The c-ray beaming factor, obtained by comf c D 0.67, paring with known c-ray pulsars, is used. Since in the outer gap model the c-ray beam and radio beam are not correlated in general, these two beaming fractions will be used independently.
Following the procedure described above, we perform Monte Carlo simulations of 106 pulsars born during the past million years. Of course, we need to normalize to either the pulsar birthrate of D10~2 yr~1 or the observed number of radio pulsars. We choose an initial period ms or P 0 \ 10 30 ms to perform our simulations. Furthermore, we consider two kinds of pulsars : one consists of the pulsars that satisfy both radio selection and c-ray selection e †ects ; the other consists of the pulsars for which only the c-ray selection e †ect is taken into account. Therefore, radio-quiet c-ray pulsars can be estimated. In the normalized Figure 2 cumulative distributions of distance, period, age, magnetic Ðeld, and c-ray energy Ñux of the pulsars with an initial period of 30 ms in our model are shown (solid curves). Model distributions without taking the radio-Ñux selection e †ects into account are also given (dot-dashed curves). For comparison, the corresponding observed distributions for six known c-ray pulsars (see are shown. It should Table 1 ) be noted that the c-ray pulsar PSR B1509[58 and the possible c-ray pulsar PSR B0656]14 have not been included because the former has not been detected in the energy range MeV and the latter has not been E c [ 100 conÐrmed. Generally, the inclusion of the radio detection criterion preferentially eliminates the distant, long-period, and dim pulsars. In our model, however, the pulsars with f ¹ 1 are considered to be c-ray pulsars which emit highenergy c-rays. From this condition excludes equation (3), the pulsars with longer period if their magnetic Ðelds are within 1012È1013 G. Therefore, the radio selection e †ects in our model are less important than those predicted by & Dermer We have also simulated the norSturner (1996) . malized cumulative distributions of the pulsars with P 0 \ 10 ms. There is only a negligible di †erence between their period distributions. In subsequent simulations, we will only use ms. We performed a Kolmogorov-P 0 \ 30 Smirnov (KS) test to compare the cumulative model distributions with the distributions for the six EGRET pulsars. One-sample KS statistics is used, since the model samples have more than 150 pulsars. The hypothesis that model and observed pulsars were drawn from the same parent population can be rejected at better than the 80% level if the maximum deviation between the distributions is greater than 0.41. In our model, the maximum deviations of distance, period, age, magnetic Ðeld, and Ñux distributions from the observed distributions are 0.30, 0.37, 0.50, 0.20, and 0.22, respectively. It can be seen that four out of Ðve of the cumulative distributions cannot be rejected at better than the 80% conÐdence level, and the Ðfth cannot be rejected at better than the 95% conÐdence level. & Sturner Dermer examined their model using the KS test. In (1996) their model 4X-P30, which best Ðtted the observed data (seven pulsars were used for the distance, period, age, and magnetic Ðeld distributions but six pulsars for the Ñux distribution), the corresponding maximum deviations for the Ðve parameters are 0.20, 0.39, 0.25, 0.35, and 0.40, respectively. In our model, for the cumulative distance distribution, the model results predict a larger number of c-ray pulsars between 1 and 2 kpc. The discrepancies between the model results and observed data can be understood by considering uncertainties of the observed distances for the six known c-ray pulsars (at least 25% uncertainty for each pulsar). Furthermore, our model distributions of period, age, magnetic Ðeld, and energy Ñux will become more consistent with the data if more c-ray pulsar candidates are conÐrmed. In fact, based on the analysis of the EGRET data in the vicinity of 14 radio-bright ([1 Jy at 1 GHz) supernova remnants, et al. suggested that Esposito (1996) the c-ray emission near W44 may be due to the pulsar PSR B1853[01.
Finally, we would like to estimate the number of possible c-ray pulsars from our statistical analysis. We Ðnd that the ratio of the c-ray pulsars to radio pulsars from our samples is about 0.16, i.e., there are about 16 c-ray pulsars in 100 radio pulsars. At present, 706 radio pulsars have been observed, but the ages of only 540 radio pulsars have been determined, and 105 radio pulsars have ages less than 106 yr. Therefore, we have about 11 c-ray pulsars that are also radio pulsars, where the c-ray beaming fraction (0.67) is used. So we expect that about 11 high-energy c-ray pulsars can be found out of D100 detected radio pulsars with age less than 106 yr.
GEMINGA-LIKE PULSARS AND UNIDENTIFIED POINT SOURCES OF EGRET
In this section, we consider the properties of Gemingalike pulsars. The Geminga-like pulsars are either those pulsars whose radio Ñuxes are lower than the radio survey Ñux threshold or those whose radio beams miss us. Hence, the constraints for the Geminga-like pulsars are (1) f ¹ 1 and (2) ergs cm~2 s~1. We obtain the S c º 3 ] 10~10 sample of the Geminga-like pulsars by means of the Monte Carlo method as follows. First, we follow steps 1È6 of our simulation method outlined in Next, prior to step 7,°3.2. step 8 is performed to generate the sample of c-ray pulsars. In this sample (the number of pulsars is labeled as N c1 ), some of the pulsars may satisfy the radio survey Ñux threshold. Hence, step 7 is performed to generate those pulsars which are detectable at both radio and c-ray energies, where the number of these pulsars is represented by There-N c2 .
fore, the number of the Geminga-like pulsars can be approximated by Using the method men-(N c1 [ N c2 ). tioned above, we can obtain a Geminga-like pulsar sample and analyze the properties of the pulsars statistically. In we show the normalized distributions of distance, Figure 3 period, magnetic Ðeld, age, and the size of the outer gap, f, of the Geminga-like pulsars. It can be seen that the Gemingalike pulsars are distributed mainly in the distance region   FIG. 3 .ÈNormalized distributions of distance, period, magnetic Ðeld, age, and the outer gap size of Geminga-like pulsars from 1 to 2 kpc, and most of the Geminga-like pulsars have periods between D0.1 and 0.3 s, with magnetic Ðelds from D8 ] 1011 to D5 ] 1012 G, ages between 105 and 106 yr, and the size of the outer gap from 0.3 to 0.9. In fact, from these simulated distributions, we should perhaps not be surprised that the Geminga is the Ðrst Geminga-like pulsar detected. Except for distance, the other parametersÈthe period (P \ 0.237 s), the magnetic Ðeld and the (B 12 \ 1.6), age (q \ 3.4 ] 105 yr) of the GemingaÈare coincident with the peak positions of the distributions. So it is the most typical Geminga-like pulsar. But its distance is only D200 pc, so that is why we Ðnd it Ðrst. Next we consider the high-energy c-ray Ñux distribution from these pulsars. At present, EGRET has observed 96 unidentiÐed point sources (Thompson et al. & Cottam 1995 . Kaaret (1996) analyzed the unidentiÐed EGRET sources at o b o \ 5¡ and found signiÐcant correlation between the positions of the unidentiÐed EGRET sources and OB associations. They estimated distances to the unidentiÐed EGRET sources from the OB associations and luminosities, and veriÐed that the distribution of luminosities for the unidentiÐed EGRET sources is consistent with that of known c-ray pulsars. Therefore, Kaaret & Cottam concluded that a majority of the unidentiÐed EGRET sources may be pulsars. Furthermore, based on their outer gap model, & Yadigaroglu Romani found that the spatial distribution and lumi-(1997) nosities of the unidentiÐed EGRET sources are consistent with the proposition that essentially all Galactic unidentiÐed EGRET sources are pulsars. Whether or not these point sources are c-ray pulsars has not yet been conÐrmed, although these data can be used as a possible test for our model predictions. In the comparisons of our Figure 4 model results with the distributions of high-energy ([100 MeV) c-rays from these unidentiÐed point sources at di †er-ent latitude regions are shown. Our result indicates that the Ñuxes of Geminga-like pulsars at o b o \ 5¡ are concentrated mainly in the range from D3 ] 10~7 to D3 ] 10~6 cm~2 s~1, which is consistent with the observed data of 30 unidentiÐed point sources detected by EGRET at o b o \ 5¡. Compared to the Ñuxes of all unidentiÐed point sources, there are some di †erence between our model result and the observed data. This indicates that only some of the unidentiÐed point sources at o b o º 5¡ are Geminga-like pulsars. Furthermore, we can compare the Galactic distributions in l and b of the unidentiÐed EGRET sources and modeled Geminga-like pulsars at o b o \ 5¡. From our statistical analysis, the number of Geminga-like pulsars is where is the birthrate of neutron stars in D55N 0 100 , N 0 100 units of 100 yr. Considering the beaming e †ect of c-ray pulsars the number of Geminga-like pulsars is ( f c D 0.67), in our Galaxy. In we show the compari-D37N 0 100
Figure 5 son of the observed normalized distributions with the modeled results. For the longitude distribution, we divide the longitude into 18 bins. Assuming the observed unidentiÐed EGRET sources and model pulsars in each bin are N i and then we have s2/l B 0.84 using n i , s2 \ ; i (N i where l is the number of degrees of freedom. For [ n i )2/n i , the latitude distribution (each bin width is 2¡), we have s2/l B 1.42 at o b o \ 5¡. Therefore, the model results are consistent with the observed distributions in both l and b. Now we would like to describe how to discriminate the Geminga-like pulsars from other point sources. We have shown the properties of Geminga-like pulsars in tioned above, we propose to deduce the parameter range for the Geminga-like pulsars. In the contour in the Figure 6 P-B plane is shown, where the contour lines from inner to outer represent about 23%, 47%, 70%, and 95% probabilities, respectively. From this Ðgure it can be seen that the parameter range of period and magnetic Ðeld for the Geminga-like pulsars is located in the area in which the FIG. 6 .ÈMagnetic Ðeld strength vs. period for the sample of Gemingalike pulsars (see text for details). The contour lines from inner to outer represent about 23%, 47%, 70%, and 95% probabilities.
period varies from D0.1 to D0.3 s and the magnetic Ðeld from D8 ] 1011 to D5 ] 1012 G in D70% probability. In the next section we will use this parameter range. As mentioned above, based on the argument that EGRET source positions are related with SNRs and OB associations, & Cottam and & Romani Kaaret (1996) Yadigaroglu (1997) have estimated the distances of some EGRET unidentiÐed point sources and concluded that young pulsars can account for essentially all of the excess low-latitude EGRET sources. Moreover, the spectra of some EGRET unidentiÐed point sources have been obtained Here (Fierro 1995). we assume that these unidentiÐed point sources are Geminga-like pulsars. We compare the cumulative model distance distribution with the distribution for both Geminga and the 12 unidentiÐed sources given by & Kaaret Cottam in The KS test indicates that the (1996) Figure 7 . maximum deviation from the observed is about 0.280. Because the hypothesis that the model pulsars and the observed unidentiÐed sources were drawn from the same parent population can be rejected at greater than the 80% conÐdence level if the distribution is greater than 0.285, so the cumulative distribution cannot be rejected at this level. 
paring model results with the observed data. In the Figure 8 comparisons of our results with observed spectra for Ðve EGRET unidentiÐed point sources are shown, where dashed curves represent the results with consistent-Ðt parameters and solid curves represent the results with bestÐt parameters shown in In the expected Table 2 .
Table 2 X-ray luminosities are also given for these sources. In order to account for the fact that our consistent-Ðt parameters produce spectra that are consistent with the observed spectra, we estimated the s2 values for the best-Ðt versus consistent-Ðt parameters for each pulsar. For each pulsar, the Ñuxes for the consistent-Ðt and best-Ðt parameters at the observed energy bands are calculated. The s2 values for 2EG J0618]2234, 2EG J1746 [2852 , 2EG J1801[2312 3719, and 2EG J2020]4026 are 2.9, 3.7, 1.6, 2.2, and 3.0, respectively. It can be seen that our results are consistent with the observed spectra. Therefore, these sources may be Geminga-like pulsars, especially 2EG J2019]3719.
POSSIBLE GAMMA-RAY PULSARS
In our Monte Carlo simulations, we predict that there should be 11 pulsars which can be detected in both radio and c-ray energy bands. Six radio pulsars have already been identiÐed as EGRET sources. In this section we attempt to determine which radio pulsars should be the most possible c-ray pulsars. Generally, the EGRET threshold for point source detection above 100 MeV cannot be lower than photons cm~2 s~1. However, the actual F min º 10~7 threshold depends on the local c-ray background and instrument exposure and accuracy of pulsar parameters. Moreover, the minimum pulsed Ñux with MeV E c º 100 from known c-ray pulsars detected by EGRET is that from PSR B1951]32, which is (1.6^0.2) ] 10~7 cm~2 s~1 et al.
Here we will use the Ñux as (Ramanamurthy 1995). threshold Ñux for detecting a pulsar as a point source in the EGRET range. Based on the data analysis, Fierro (1995) pointed out that the strongest candidates for c-ray emission from radio pulsars are binary millisecond pulsars PSR J0034[0534 and J0613[0200, and the young pulsars PSR B1046 [58, B1832[06, and B1853] 01. Here we would like to present some predictions of our model. We use the database of radio pulsars provided by Princeton University, where the parameters of a total of 706 pulsars are given. From this database, we select 52 canonical pulsars that satisfy the condition of f ¹ 1. We divide these pulsars into two groups based on their Galactic latitudes : one is the Galactic plane group with o b o ¹ 10¡, and the other is the nonÈGalactic plane group with o b o [ 10¡. In general, the local c-ray background at high latitude is lower than that in the Galactic plane, compared to that at low latitude if they have same Ñuxes, so the c-ray from the pulsar at high latitude can be easier to detect.
We have estimated the c-ray Ñux with MeV by E c [ 100 using the parameters of 52 canonical pulsars. We assume that the average solid angle is 2 sr. The results are shown in where the Ñuxes from six c-ray pulsars are rep- Figure 9 , resented by Ðlled circles ; the open circles and Ðlled diamonds represent the pulsars with F c (E c [ 100 MeV) º 1.6 ] 10~7 cm~2 s~1 and F c (E c [ 100 MeV) \ 1.6 ] 10~7 cm~2 s~1 of the Galactic plane group, respectively. The empty box represents the pulsar located out of the Galactic plane, while plus signs represent the pulsars with X-ray emission. It can be seen that there are 14 canonical pulsars with cm~2 s~1 (including F c (E c [ 100 MeV) º 1.6 ] 10~7 six known c-ray pulsars). This number is very close to our Monte Carlo results. According to our model, each of these pulsars has 67% probability of being detected as a c-ray pulsar. It should be pointed out that in our model there are six pulsars whose Ñuxes are between 10~7 and 1.6 ] 10~7 cm~2 s~1 : PSR B1046 [58, PSR B1221[63, PSR B1509[58, PSR B1719[37, PSR B1737[30, and PSR B1853] Ramanamurthy (1996) . the expected Ñuxes in other models are also greater than the observed data for this pulsar et al. It (Ramanamurthy 1996) . is likely that we have missed the major c-ray beam of PSR B0656]14. In we show the model results for Table 3 pulsars with cm~2 s~1. F c ([100 MeV) º 1.6 ] 10~7 Therefore, adding the six known c-ray pulsars, there are about 14 pulsars with high-energy ([100 MeV) c-rays. Since in our outer gap model, X-rays and c-rays are strongly correlated (cf.
the strongest candidates of c-ray°2), pulsars may therefore be canonical pulsars with strong X-ray, e.g., PSR J0538]2817, PSR B0355]54, and PSR B2334]61. More speciÐcally, we suggest that the signatures for c-ray pulsars are (i) power-law behavior of the c-ray spectrum with to [2.2 from 100 MeV to a a c D [1.7 few GeV, (ii) power-law behavior of the hard X-ray spectrum with from keV to MeV, (iii) a soft thermal a x D [2 X-ray component with kT D 102 eV, and (iv) L X /E0 sd D 10~2È10~3.
CONCLUSIONS
Using the six detected EGRET c-ray pulsars and the database for c-ray emission from all known spin-powered pulsars with
given by et al. we E0 33 /d kpc 2 º 0.5 Nel (1996) , have tested the model and deduced a set of consistent-Ðt parameters which is very important (i) to predict the spectrum of unidentiÐed c-ray sources and not-yet-conÐrmed c-ray pulsars and (ii) to carry out our statistical analysis of the c-ray pulsars. Our results indicate that our model can successfully explain the c-ray emission from spin-powered pulsars. Our model predicts that the conversion efficiency of high-energy c-rays depends on the characteristic age and the period of pulsars, i.e., Furthermore, we g th P q6@7P2. have also reviewed the X-ray emission from pulsars. This is not only important in calculating the size of the outer gap, which plays an important role in our statistical analysis, but also the X-ray properties of pulsars allow us to predict which EGRET sources and radio pulsars are likely c-ray pulsars. Based on our model, the properties of the Galactic high-energy c-ray pulsar population have been simulated by means of Monte Carlo methods. The initial magnetic Ðeld, spatial, and velocity distributions of the neutron star at birth (obtained by the radio pulsar statistical studies) have been used in our simulations, where the radio and c-ray beaming fractions of the pulsars have been taken into account. We have modeled the distance, period, age, magnetic Ðeld, and high-energy ([100 MeV) c-ray energy Ñux distributions of the Galactic c-ray pulsar population and Ðnd them consistent with those of the six observed c-ray pulsars by EGRET. From our statistical analysis, we expect that about 11 c-ray pulsars whose Ñuxes are greater than the EGRET threshold, and which also are radio pulsars, may exist in our Galaxy. Furthermore, we have obtained the distributions of period, magnetic Ðeld, distance, age, and energy Ñux for the Geminga-like pulsars. Comparing the high-energy ([100 MeV) c-ray Ñux and the Galactic distributions in Galactic longitude and latitude with those of unidentiÐed EGRET point sources in the Galactic plane, we conclude that a majority of the unidentiÐed EGRET point sources are probably Geminga-like pulsars. We have also predicted that there may be in our Galaxy, D55f c N 0 100 where is the beaming fraction of c-ray pulsars, and we f c have used an average value (0.67) to estimate the number of the Geminga-like pulsars.
pointed out that Helfand (1994) (see Fig. 3 of his paper). By Ðtting the observed 0.2 ¹ f c \ 1 data of the six known c-ray pulsars, we estimate that f c D 0.67. Furthermore, we have shown the possible range of parameters for the Geminga-like pulsars : their periods are mainly from 0.1 to 0.3 s, the magnetic Ðelds are mainly from 8 ] 1011 to 5 ] 1012 G, and they must satisfy B 12 º 20P2.2 G. Finally, we have estimated the high-energy c-ray Ñux with MeV by using the database of 706 pulsars E c [ 100 given by Princeton University, and we suggest that the strongest candidates of c-ray pulsars may be canonical pulsars with strong X-ray emission satisfying L X /E0 sd D 10~3 et al. (Cheng 1998) .
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